INTRODUCTION
Ommastrephid squids are migratory predators of the open ocean and are ecologically and economically important on a global scale. Dosidicus gigas (jumbo or Humboldt squid), the largest ommastrephid (up to 50 kg mass and overall length of 2.5 m), is endemic to the eastern Pacific, particularly the highly productive waters of the California and Peru Current systems ABSTRACT: Dosidicus gigas is a large and powerful oceanic squid that is economically valuable and ecologically important in the eastern Pacific Ocean. We employed electronic tagging methods to provide the first long-term monitoring of the natural behaviors of D. gigas in its mesopelagic habitat. Seven pop-up satellite tags logged depth and temperature for a total of 842 h, and a conventional archival tag yielded 780 h of continuous time-series data. Horizontal movements of nearly 100 km over 3 d were observed, and these were temporally associated with an established transGulf migration. Squid consistently spent most daylight hours at depths > 250 m, the approximate upper boundary of a midwater hypoxic zone termed the oxygen minimum layer (OML). A diel migration brought squid to near-surface waters at dusk, but a highly variable amount of diving back into the OML occurred throughout the night. Rhythmic vertical movements within the OML often occurred, and sojourns of up to 6 h in this hypoxic zone below 300 m were observed. Laboratory experiments revealed a high resting rate of oxygen consumption under normal conditions, but this rate decreased drastically under hypoxic conditions such as would be associated with the OML in nature. These findings suggest that D. gigas has physiological adaptations that permit constant foraging in both oxygenated near-surface waters and within the OML.
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Oceanic squids such as Dosidicus gigas (photo) provide a critical link between lower trophic levels and apex vertebrate predators. The first electronic archival-tagging study of D. gigas reveals that it regularly inhabits cold, hypoxic midwater depths and that it remains remarkably active in this hostile environment.
Photo: Bob Cranston (courtesy of National Geographic Television)
OPEN PEN ACCESS CCESS (Nigmatullin et al. 2001 ) and the Costa Rica Dome (Ichii et al. 2002 , Waluda & Rodhouse 2006 . This species is the target of the world's largest cephalopod fishery, with landings of 8 × 10 5 metric tonnes (t) in 2004 (FAO data at ftp://ftp.fao.org/fi/stat/summary/a1e.pdf). A substantial fraction (~15%) of this catch comes from the Guaymas Basin in the Gulf of California, Mexico, a relatively small area where commercial fishing is centered around the ports of Santa Rosalia, Baja California Sur, and Guaymas, Sonora. This fishery targets jumbo squid that mature at a large size of 50 to 75 cm mantle length (ML) (Markaida & Sosa-Nishizaki 2001) .
Despite the economic importance of Dosidicus gigas, relatively little is known of its natural behaviors or life history. This squid is extremely fast growing, increasing from 1 mm ML at birth to 1 m ML in a life-span of 1 to 2 yr (Nigmatullin et al. 2001 , Markaida et al. 2004 ). Clearly such a high growth rate requires a substantial dietary intake. Assuming a conservative body mass of 10 kg, 10 5 t of D. gigas is equivalent to 10 7 squid. With an individual daily consumption rate for large, mature squid of ~10% body mass (Ehrhardt 1991) , D. gigas of a size caught by the fishery in the Guaymas Basin would thus together consume at least 10 7 kg (10 4 t) daily. In this region, prey consists of an assortment of mostly small mesopelagic organisms, including fishes, crustaceans and small squids (Markaida & Sosa-Nishizaki 2003) .
Dosidicus gigas is thus ecologically important as a major predator, but it is also vital as prey. As small juveniles these squid are undoubtedly preyed on by numerous pelagic fish and avian species throughout their broad range. In the Gulf of California adult squid serve as prey for both large fishes (Klimley et al. 1993 , Abitia-Cardenas et al. 2002 , Rosas-Aloya et al. 2002 and marine mammals, particularly sperm whales Physeter macrocephalus (Ruiz-Cooley et al. 2004 ). Thus, jumbo squid serve as an important trophic link between small mesopelagic organisms and top vertebrate predators.
In the Gulf of California Dosidicus gigas preys primarily on myctophids, small micronektonic lanternfishes (Markaida & Sosa-Nishizaki 2003) . These fish are an abundant component of the mesopelagic biomass in the Gulf, and they typically undertake a diel migration (Robison 1972) , along with many other residents of the acoustic deep-scattering layer (DSL), from daytime depths of several hundred meters to near-surface waters at night. Commercial fishing for D. gigas is generally carried out at night, because this species, like other ommastrephids, is thought to undertake a similar diel vertical migration (Roper & Young 1975 , Nakamura 1991 , 1993 , Nigmatullin et al. 2001 , thus making the squid more accessible at night.
Such a migration for an active squid like Dosidicus gigas presents a puzzle. Daytime depths associated with the acoustic DSL across much of the eastern Pacific encompass a midwater layer of oxygendepleted water (Dunlap 1970) termed the oxygen minimum layer (OML). This stable hypoxic zone typically extends from ~250 to 800 m in the southern half of the Gulf of California and results from microbial metabolism of sinking organic material generated by high surface productivity (Roden 1964 , Alvarez-Borrego & Lara-Lara 1991 . Deep vertical migrations into the OML would thus bring D. gigas into an environment in which the dissolved oxygen level is only a few percent of the saturated value at the surface. All active, muscular squid thus far examined have exceptionally high respiration rates and cannot tolerate hypoxia, so their presence in the OML would seem to be precluded (Webber et al. 2000 , Pörtner 2002 ).
Here we report the first long-term, electronic monitoring of the natural behavior of a pelagic squid. Large Dosidicus gigas individuals displayed rapid, longdistance horizontal migrations and complex vertical diving behaviors, with a large amount of time spent in the hypoxic OML. Respirometry measurements under laboratory conditions revealed that although D. gigas had a high rate of oxygen consumption under normal conditions, basal aerobic metabolism was greatly suppressed at dissolved oxygen levels characteristic of those in the OML.
MATERIALS AND METHODS
Electronic tagging. Two types of data-loggers were used -archival tags and pop-up archival transmitting (PAT) tags. Both devices sampled pressure and temperature every 2 to 4 min. Depth resolution was scaled with depth, ranging from 1 to 4 m for archival tags and 1 to 16 m for PAT tags. Temperature resolution was 0.2 to 0.3°C for both types of tag. All tags yielding useful data were deployed on large Dosidicus gigas (> 75 cm ML) in the Gulf of California near Santa Rosalia during autumn (September to November). Local time (-7 h over Universal Time) was used throughout our analyses.
Adult squid were captured on the commercial fishing grounds with weighted, luminescent jigs (20 and 35 cm) generally between dusk and midnight. Location of tag deployment was recorded with a handheld GPS unit (Garmin GPSMAP 76). Tagging methods evolved during the course of this study (2001 to 2005) and improved with experience. In particular, irrigation of the gills with flowing seawater during the tagging procedure, which typically took about 5 min, greatly improved the condition of the released squid. A tagged squid was released only if it displayed strong, rhythmic breathing during the tagging procedure and, whenever possible, it was held by hand just beneath the sea surface prior to release. Most tagged squid jetted strongly downwards immediately after release.
PAT tags: PAT tags actively release from the tagged subject at a programmed time by electrolysis of a metal pin, after which the tag floats to the surface and commences transmission of archived summary data to the Argos satellite system. These data include time-atdepth and time-at-temperature histograms (12 depth/ temperature bins, 1 to 2 h periods) and the maximum/ minimum depth/temperature for each period. Archival time-series data can only be obtained if the tag is physically recovered. Endpoint position of a tag is defined as the first reliable position determined by the Argos system (location quality ≥1) after the tag releases and begins to transmit. Endpoint positions are generally available via internet within 1 d of release (1.5 to 27 h in the present study). Subsequent locations of a tag as it drifts are obtained in the same manner for 1 to 2 wk, until the tag's battery expires.
Geolocation of the tagged squid based on light level (also recorded by PAT tags) was not useful in the present study because the squid typically were deep in the water column during daylight hours. Even with corrections based on sea-surface temperature, resolution of these methods is not adequate for the relatively small distances covered in the present study (Teo et al. 2004) .
We used 10 PAT tags (Wildlife Computers; PAT [2001; n = 1] and PAT 3.0 [2003 to 2005; n = 9] ). Seven deployments were deemed successful as defined by the return of useful data acquired over at least 3 d (see Table 1 ). In addition, 2 unsuccessful deployments were made in 2003. In one case, the squid apparently died after less than 1 d, and in the other, the tag never reported to Argos. Another tag was deployed in November 2005 and recovered about 1 h later by a commercial fisherman (see 'Discussion').
Tags were fixed to the ventral surface of a fin, adjacent to the mantle (Fig. 1A) . The release pin was encircled by a loop of monofilament line (180 kg-test) secured by a plastic cable-tie to a nylon mounting bolt passing through the fin (Fig. 1B) . The syntactic foam (float) end of the tag was loosely secured by another cable-tie that looped through the fin and passed through 2 slots in a button on the dorsal surface of the fin to minimize tissue damage. Tags were programmed to release after periods of 3 to 14 d, but the longest successful attachment was 8 d. Although some wear and tear on the fin is likely to be produced by the tag itself, it is more likely that premature detachment (see Table 1 ) of tags was due to attacks by other squid.
Archival tags: Archival tags (Lotek Wireless; LTD1100) must be physically recovered to access the archived time-series data, and a local reward program was implemented to encourage returns. These tags were attached by 2 cable ties each looped through a 3 mm hole in the tag and then through the anterior edge of the dorsal mantle in a manner similar to that successfully used for conventional passive 'spaghetti' tags (≥ 8% return rate in 3 independent experiments; (Markaida et al. 2005, and our unpubl. data) .
A total of 96 squid (56 to 83 cm ML; mean ± SD = 71.3 ± 6.8 cm) were tagged on 12 September, 2002, between 20:00 and 24:00 h. A single tagged squid (75 cm ML) was recovered off San Bruno, about 20 km south of the deployment site, at 21:45 h on 14 October. Based on the similarity of daily temperature-depth profiles experienced by this squid (data not shown), it is likely that this individual remained in the local area during this entire period. 2 ). Typically, we lowered the CTD to within about 20 m of the bottom while tracking it on the vessel's echosounder. All casts yielded similar profiles. Mean and SD values reported for oxygen concentrations were calculated from the 6 down-and 6 up-casts (i.e. n = 12 total).
Oxygen-consumption rates. Experiments were conducted in the Pacific Ocean off Monterey, California, on the RV 'Western Flyer' during cruises in March, June and September 2005. Dosidicus gigas specimens ranging in size (1.1 to 7.2 kg) were captured at night by jigging, and squid were held individually in tanks plumbed with flow-through ambient seawater (~14°C) overnight. Individual squid were carefully transferred to an acrylic tank (250 l volume, plumbed with flow-through ambient seawater) in a walk-in cold room (6°C). If the squid appeared calm and had not inked, the tank was then sealed and the water supply turned off. The decrease in dissolved oxygen concentration in the tank (due to squid respiration) was monitored with a temperature-compensated optode sensor (Aanderaa 3830). Generally, we then replaced the ambient seawater with chilled seawater, and carried out measurements at 6 to 7°C. After respiratory activity had reduced the oxygen concentration to a pre-determined level, the tank was flushed with fresh, chilled seawater and the decline in oxygen was measured again. During these experiments, the squid was constantly monitored from outside the darkened cold-room via video using either dim, visible red or infra-red illumination.
RESULTS

Long-distance horizontal migrations of Dosidicus gigas
From fishery landings and conventional tag-andrecapture studies (Markaida et al. 2005) , it is known that large Dosidicus gigas individuals migrate away from the fishing grounds off Santa Rosalia in the late fall, generally in mid to late November. It is thought that most squid migrate across the Gulf to fishing grounds off Guaymas, but details of the migration, including the times involved and routes taken, are not well understood. Substantial horizontal movements were therefore expected during most of our PAT tag deployments.
Deployment and endpoint locations for the 7 PAT tags that reported to Argos in the present study are indicated in Fig. 2 and Table 1 . A squid tagged in September 2001 (Tag 1) appeared to move only a short distance, but the 3 tags in late October 2004 (Tags 2 to 4) surfaced at much greater distances from the deployment site. Tag 2 released from the squid on schedule after 7 d and surfaced in the Carmen Basin, almost 200 km away. Tag 4 first reported from even further in this southeast direction, and Tag 3 surfaced east of Santa Rosalia on the other side of the Guaymas Basin. These, latter 2 tags drifted for several days before reporting, because they detached from the squid prematurely. Exact endpoint locations are therefore unknown.
Of 3 squid tagged in mid November 2005 (Tags 5 and 6) 2 also traveled a considerable distance in the 3 d after tagging, but in this case migration was in a northerly direction. Tag 6 moved further, surfacing about 100 km to the north near the San Pedro Martir Basin. Although all 3 tags released on schedule (according to onboard diagnostic features), Tag 7 did not report to Argos for 7 d, so its whereabouts during that period are unknown. The general drift of all floating tags in the present study tended to be towards the southeast (not illustrated).
Diel differences in depths occupied by Dosidicus gigas
Data from every successful PAT tag indicate that Dosidicus gigas spends much of its time at depths > 200 m, primarily during daylight hours. These points are well illustrated by Tag 1, deployed in September 2001 (Fig. 3) . Time-at-depth histograms (Fig. 3A) for day (local sunrise to sunset times) and night (sunset to sunrise) clearly have different peak values, with the peak of the nighttime distribution occurring at a much shallower depth. Time-at-temperature data (Fig. 3B) show that a large fraction of time is spent at temperatures of 10 to 14°C, which characterizes the 200 to 300 m depth range (Fig. 3C) . Because the site where the tag surfaced and first reported to Argos was close to the deployment site (Fig. 2) , it is likely that this squid remained in the immediate area of the Santa Rosalia fishing grounds during the 6 d it carried the tag. Maximum and minimum depths reached by the squid during each 2 h summary period are illustrated in Fig. 3D . Maximum depths during daytime hours ranged from about 250 to 300 m. Sharp upward movements are evident just before dusk in both the maximum and minimum depth data.
Three additional tags were deployed in late October 2004 and confirmed the qualitative picture revealed by the 2001 experiment. Although there is individual variation in the time-at-depth distributions and in the degree of overlap between day and night, the diel difference in vertical distribution is evident by inspection of each data set ( Fig. 4A-C) as well as in the overall mean data (Fig. 4D) . Daytime mode was 350 to 400 m versus 100 to 200 m at night. Upward movements before dusk, as discussed in conjunction with Tag 1, occurred regularly (Fig. 5A) . Similar results were obtained with 2 of 3 tags in November 2005 (Fig. 6 , and see discussion of 2005 migration data below).
Progressive changes in vertical distribution during southward migrations in 2004
Squid fishing off Santa Rosalia is largely carried out along the 300 to 400 m depth contour, which corre- The area encompassed by and between these sites corresponds to the main area of commercial squid fishing. Oxygen profiles were determined over this area. (h) Site where the profile in Fig. 10 was determined. Depth contour labels are in meters. Bathymetry data for the main map at 2 min resolution (Smith & Sandwell 1997) were obtained from the National Geophysical Data Center (www.ngdc.noaa. gov/mgg/image/2minrelief.html) and plotted using ArcGIS 9 (ESRI). Bathymetric contours for the Santa Rosalia inset range from 100 to 1100 m and are also based on our data obtained with a commercial-grade sounder (Furuno) during the course of this project sponds to the western edge of a southward-running canyon between Isla San Marcos and the Baja peninsula (Fig. 2) . Depth increases fairly rapidly eastward into the Guaymas Basin, and all of the tagged squid in 2004 (Tags 2 to 4) must have moved through this deeper area. Examination of hourly maximum and minimum depth data reveals that in 2004 each squid tended to increase its total vertical range as it moved away from Santa Rosalia and out into the deeper waters of the Gulf. Fig. 5A illustrates this for Tag 3. Although the general trend of shallower at night and deeper during the day continued during the migration, the daytime depth range became progressively deeper, and after Day 3 almost all daytime activity occurred at depths > 300 m. A similar progressive deepening of daytime depths was evident in data from Tags 2 and 4 (Fig. 5B) .
During the migrations, nighttime behavior was variable and showed no obvious trends. Data in Fig. 5A indicate that this squid (Tag 3) reached shallower nighttime depths during the migration, and a similar trend was seen with Tag 4 (not illustrated). Data from Tag 2 (not illustrated) were opposite in nature, as this squid engaged in unusually deep nighttime activity during Days 3 and 4, as shown in the time-at-depth data in Fig. 4B .
Variability in vertical distribution during northward migrations in 2005
Tags in 2005 were purposely deployed for short periods (3 d) because we planned to recover the tags after they surfaced in order to acquire the archival time-series data. However, this proved to be impossible because of the unexpectedly rapid and long migrations carried out by the squids and by strong winds which arose within 2 d after the deployments.
With only 3 d of accumulated data, it is difficult to ascertain any trend like that discussed above for 2004. One squid (Tag 7) did reach progressively deeper depths during its migration (Fig. 6A ), but the endpoint location for this tag was ambiguous (see next paragraph). Both Tags 5 and 6 surfaced on schedule at a distance of 80 and 100 km, respectively (Fig 2) . Tag 6 showed the typical diel difference in vertical distribution with obvious upward migrations at dusk (Fig. 6B ), but Tag 5 revealed an unusual pattern in which the squid remained in the 200 to 300 m range almost all the time (Fig. 6C ) with only brief, modest upward migrations at dusk. Another feature common to the 2005 tags is the rapid and extreme increase in maximum depth achieved during the fourth night after tagging. In one case (Tag 6, Fig. 6B ), the squid immediately returned to the pre-dive level near 100 m, and the tag popped off shortly thereafter. In another (Tag 5, Fig. 6C ) the tag somehow detached from the squid and floated to the surface, where it continued sampling until the scheduled release time. In the third case, Tag 7 (Fig. 6A) recorded 1000 m (4.4°C) as the last data set (depth off-scale in Fig. 6A ) and then continued to record these values for 32 h before the tag released, based on the status report transmitted by Argos after the tag surfaced 7 d later. The status and location of the tag during those 7 d are unclear, since neither depth nor temperature were logged during this period. Fig. 7 ). This squid also appeared to remain in the local area during the time it was tagged It is not clear what such unusually deep excursions signify, but they may represent escape behavior due to predatory attacks. If so, the squid carrying Tag 6 presumably escaped successfully. Tag 5 may have released on schedule when the squid dove very deep, but the tag may well have been ripped off during an attack. The fate of Tag 7 is obscure, but the similarity of the deep excursion to the others is striking. If predatory attacks were behind these events, the identity of the predator and the coincidence in timing for all 3 squid are mysterious.
Dynamics of vertical migrations
Details of vertical migrations were directly revealed by 31 d of pressure and temperature data from an archival tag deployed off Santa Rosalia in September 2002 and recovered in the same area. The data presented in Fig. 7 show that the squid tended to spend daylight hours at depths > 200 m and that it moved upward in the water column every day at dusk (and often downward at dawn). On some dates (mm/dd), all nighttime hours were spent at relatively shallow depths (e.g 9/28 and 10/1), but more commonly, rapid vertical movements back to typical daytime depths occurred (e.g. 9/29 and 9/30). In extreme cases, the squid returned to depth shortly after the upward dusk migration and remained deep for most or all of the night (e.g. 9/26 and 10/2). Daytime behavior was also highly variable. Sometimes the squid spent most of the day in a narrow depth range (e.g. 9/30 and 10/1), whereas on other days it engaged in much highfrequency diving (e.g. 10/3 and 10/4).
Vertical distributions derived from the archival data confirm a strong diel difference. Daytime data (Fig. 8A) are reasonably fit by a single Gaussian distribution (mean ± SD = 253 ± 64 m), but nighttime data are Fig. 8B ; as in the case of Tag 1 (Fig. 3C) , the 10 to 14°C range characterizes the deep component in time-at-depth data.
Although there is considerable day-to-day behavioral variability (Fig. 7) , particularly at night, data in Fig. 9 indicate a lunar influence on vertical migrations. During the period around the full moon, the shallow nighttime component of vertical distribution became less pronounced, whereas the deep nighttime component became more prominent. Average residence time above 100 m at night was significantly less during full moon than during other lunar phases (Mann-Whitney U-test, p < 0.03). During the period around the new moon, more nighttime activity occurred at shallower depths, and daytime diving activity appeared to be enhanced (10/3 to 10/8 in Fig. 7) . The nighttime mode of 50 to 100 m was unchanged during this period.
Vertical migrations and utilization of the oxygen minimum layer
Depths below 200 to 300 m in the Gulf of California are generally associated with the OML, so the finding that the tagged jumbo squid spent the majority of their time at depths greater than 200 m is surprising. Oxygen versus depth profiles were measured in midNovember 2005 at 6 locations spread over the commercial fishing grounds off Santa Rosalia 1 to 2 d after deploying PAT Tags 5-7 in the same area (Fig. 2) . All profiles were similar, and an example in Fig. 10 is compared to time-at-depth data for the archival-tagged squid. The average dissolved oxygen concentration at 200 m depth (18.8 ± 2.2 µM; mean ± SD, n = 12) was about 10% of that at the surface (185.2 ± 5.7 µM). At 300 m depth, the oxygen level was 9.18 ± 3.2 µM, less than 5% of that at the surface.
Despite low oxygen at 200 to 300 m, the tag data indicate that Dosidicus gigas spends a large fraction of its time in this zone, which constitutes the upper boundary layer of the OML. In the case of the archivaltagged squid, the degree of diving activity in this hypoxic environment was comparable to that in shallower, well-oxygenated waters. This is true during both day-and nighttime ( Fig. 11) . In Fig. 11A most high-frequency diving activity occurred above 200 m at night, but in Fig. 11B , the opposite was the case. In some instances, there appeared to be little difference in the characteristics of diving behavior, regardless of when or where it was displayed -deep or shallow, night or day. This was particularly evident in data from 10/1 and 10/8 (Fig. 11C,D, respectively) .
Although most dives took the squid into hypoxic depths of the OML for only a brief time, numerous long-lasting excursions into the OML also occurred (Fig. 12) . The maximum duration below 200 and 300 m was nearly 800 and 400 min, respectively. Furthermore, during many of these long descents, the squid appeared to be quite active, with long bouts of highfrequency diving (Fig. 11B,C) .
Respiration rate of Dosidicus gigas and hypoxia tolerance
Utilization of the OML by Dosidicus gigas indicates that this active and muscular squid can tolerate the hypoxic conditions presented by this midwater environment. We therefore measured the respiratory rate of D. gigas under laboratory conditions that mimicked the temperature and oxygen levels found in the OML. As indicated in Fig. 13A , respiration rate was well maintained until the dissolved oxygen level fell to ~20 µM, a level ~10% of saturation, but as oxygen was further depleted, the respiration rate fell dramatically. Oxygen consumption was measured over 3 ranges of oxygen concentration as illustrated in Fig. 13A (high = 140 to 220 µM O 2 ; medium = 50 to 115 µM; low = 7.5 to 14 µM), and a summary of all experiments is presented in Fig. 13B . Respiration rate at the lowest oxygen range was only 12% of the value at the highest range. This decrease in the rate of oxygen consumption at low oxygen levels was completely reversible on readmission of oxygenated water (Fig. 13A) . 
DISCUSSION
Electronic tagging methods employed in this study shed new light on the biology of Dosidicus gigas, an ecologically and commercially important species in the eastern Pacific. We report on 3 sets of findings in this paper.
(1) Long-distance horizontal migrations of D. gigas within the Gulf of California were revealed with satellite (PAT) tags. (2) A diel change in the overall vertical distribution of D. gigas was regularly observed that is similar to the migration of its primary prey, myctophid lanternfishes (Robison 1972 , Markaida & Sosa-Nishizaki 2003 . But dynamics of vertical movements by D. gigas are far more complex than a simple diel migration, and, most 
Electronic tagging studies with squids
Although satellite-linked and implanted archival tags of several types have been widely used with large pelagic fishes, mammals and diving birds (Naito 2004 , Block 2005 , Ropert-Coudert & Wilson 2005 , the present study represents the first application of such devices to monitor long-term vertical migrations of a squid. Previous work (O'Dor 2002) was limited to relatively short studies (typically < 2 d) with ship-based acoustic-tracking of Dosidicus gigas (Yatsu et al. 1999) , of another ommastrephid, Ommastrephes bartramii (Nakamura 1991 (Nakamura , 1993 , and of a large loliginid, Loligo forbesi (O'Dor et al. 1994) . Recently, archival tags have been employed in conjunction with acoustic tracking to study small-scale movements of a neritic cuttlefish, Sepia apama and another loliginid squid, Sepioteuthis lessoniana (Jackson et al. 2005) .
Methods used in the present study are presently feasible only with large squid, so discussion of our results must be limited to adult Dosidicus gigas of > 75 cm ML. Juveniles or smaller individuals of this species (or other ommastrephids) may behave differently. In addition, all of our studies were carried out between September and November, and it is possible that significant seasonal differences exist in the behavior of D. gigas in the area of study.
Previous conventional tagging studies did not reveal deleterious effects of handling and tagging of larger Dosidicus gigas individuals (Markaida et al. 2005) , but the strongest case for minimal short-term impacts of tagging may come from a squid tagged with a PAT device in November 2005 and recaptured on a jig by a commercial fisherman 1 h later. The recovered archival data (1 Hz sampling) confirm robust activity during the time between release and recapture, with several upward vertical excursions reaching 1 m s -1 and a downward jet of 0.7 m s -1 just prior to encountering the jig. These velocities indicate a healthy animal (see next section). : see Markaida et al. 2005 , Stark et al. 2005 , and should also be viewed in context with swimming velocities involved in other behaviors. Maximum velocity in the vertical direction measured by our longterm archival tag was 0.85 m s -1 (92 m in 108 s) and 1.28 m s -1 (9 m in 7 s) by the recovered PAT tag. Maximum jetting velocity of Dosidicus gigas is unknown, but it probably exceeds the 1.8 m s -1 value reported by Cole & Gilbert (1970) . Reports of sport fishermen in the Santa Rosalia area indicate adult jumbo squid can readily attack and catch a surface lure that is trolled at 3 m s -1 (A. and C. Brown pers. comm. to W.F.G.). Migration rates observed in the present study are thus considerably lower than maximum swimming velocity.
At least 2 of the 3 squid tagged in mid-November 2005 migrated to the northeast toward the San Pedro Martir Basin, an area which has been reported to be a mating and spawning location (Gilly et al. 2006) . We therefore hypothesize that one migration route from Santa Rosalia to Guaymas involves passage through the San Pedro Martir area, and that the same route could be traveled in the opposite direction in May. This area marks the northern limit of the Gulf's welldeveloped OML (Roden 1964 , Alvarez-Borrego & Lara-Lara 1991 . Moreover, the seasonal squid migrations match a seasonal current that changes direction at about the same time of year (Alvarez-Borrego 2002) . This current could serve to both guide and ease migrations.
Variability clearly exists in the exact direction of this northward migration. Squid tagged within hours of each other at the same place (Tags 5 and 6) did not migrate to the same distant location several days later. Thus, Dosidicus gigas does not appear to migrate en masse. Instead, assemblages are likely to be fairly small and independently mobile. This idea is consistent with observations of D. gigas made in the Gulf of California by a remotely operated vehicle, ROV (B.
Robison unpubl. data). Variability in vertical distribution was also found for migrating squid in 2005 (e.g. Tag 5 vs 6), but it is unknown if this reflects differences between individual squid or between small schools.
A large difference in migration pathways was observed between the 2005 tags discussed above and those deployed in late October 2004, specifically Tags 2 and 4. Variability between squid is harder to assess here, because only one tag released on schedule, but again it seems that considerably different paths were followed. Obviously, a southern migration arc could also lead some squid toward Guaymas, but the long distance involved makes this seem unlikely. Because this species is present throughout the southern Gulf and in the neighboring Pacific Ocean, we propose that some squid migrate southward to other areas of the Gulf that are presently not subject to commercial fishing, or out of the Gulf entirely and into the Pacific.
Although comparing results from squid tagged in different years is problematic, we believe that well established seasonal effects of prevailing winds and sea surface temperatures in this part of the Gulf in late autumn are the major factors influencing migrations. We are not aware of any long-term oceanographic changes in the Guaymas Basin during the course of our study.
Vertical migrations and utilization of the oxygen minimum layer
Diel vertical migrations are common among the ommastrephid squids (Roper & Young 1975) . Dosidicus gigas feeds heavily on myctophid fishes and other mesopelagic fauna that constitute the acoustic DSL (Markaida & Sosa-Nishizaki 2003) , an assemblage that shows a pronounced diel vertical migration (Robison 1972) . In the region around Santa Rosalia, the DSL typically lies in the 200 to 300 m range during the day (Dunlap 1970, authors' unpubl. data) , which is also the upper boundary of the OML and the predominant daytime location of D. gigas (Fig. 10) .
We assume that most of the high-frequency diving behavior (particularly the rhythmic episodes) displayed by D. gigas during the night represents foraging (Figs. 11B-D) . Characteristics of daytime activity are similar, and we therefore propose that D. gigas also forages during daylight hours at depths characteristic of the OML. Direct observations of daytime feeding within the OML have been made in the Guaymas Basin and elsewhere in the Gulf using an ROV (B. Robison & K. Reisenbichler unpubl. data). This capability of potentially continuous feeding would be highly advantageous for an organism with a growth rate as high as that of D. gigas (1 mm d -1 ML at adult size; Markaida et al. 2005) .
Although a squid may reliably rise towards the surface at every sunset (Fig. 7) , it clearly does not always remain there throughout the night. Rapid transient descents of 100 to 200 m often occurred at night (Fig. 11A) , but the purpose of these dives is unclear. They may represent escape responses from predators, which in the study area would most likely be sperm whales (Jaquet & Gendron 2002), or they could be recovery dives to alleviate physiological stress incurred during active foraging in extremely warm surface waters. In some cases the squid remained near the surface only a short time after dusk, and then moved back to the 200 to 300 m zone in the OML, where it engaged in rhythmic bouts of diving that we associate with foraging (Fig. 11B) . In other cases, such rhythmic diving was limited to the 100 to 200 m zone (Fig. 11C) .
These data suggest that Dosidicus gigas, an opportunistic predator, actively searches for a depth that is rich in prey and then exploits that zone. Productive zones are likely to be ephemeral and depend on environmental factors such as lunar phase (Fig. 9 ) that more directly influence the movements of the fauna which comprise the DSL (Boden & Campa 1967 , Gliwicz 1986 , Tarling et al. 1999 , HernandezLeon et al. 2002 . Given the migratory capabilities of this squid, extension of such a search strategy to the horizontal dimensions is likely. For example, squid near Santa Rosalia appear to rise from deep in the local canyon at dusk and move into the shallower inshore areas where they are commercially fished (Fig. 2, W .F.G. & U.M. unpubl. obs.).
Hypoxia tolerance and utilization of the oxygen minimum layer
Much of the putative foraging discussed above occurs below 300 m depth, where the oxygen concentration is < 5% of the value at the surface (Fig. 10 ). This presents a challenge to an active predator with a high rate of aerobic metabolism. Our measurements for Dosidicus gigas yield a standard aerobic metabolic rate (equivalent to that at zero swimming velocity in a fish) of >150 mg O 2 kg -1 h -1 at 6 to 7°C, a value comparable to those for active pelagic fishes such as tuna at a similar temperature (Dewar & Graham 1994) . Squid maintained this high rate until dissolved oxygen fell to about 10% of saturation, but as oxygen fell further, the rate of oxygen consumption was reversibly suppressed by 90%. This ability of D. gigas is remarkable, given the hypoxia intolerance displayed by other active, muscular squids, including ommastrephids (Webber et al. 2000 , Zielinski et al. 2000 , Pörtner 2002 . Metabolic suppression has been reported in some mesopelagic cephalopods, but these are relatively weak and slow-moving forms (Childress & Seibel 1998) .
Although metabolic suppression is likely to be relevant to the ability of Dosidicus gigas to tolerate the hypoxic OML, it cannot be the only mechanism involved, because activity levels revealed by tagging appear to remain remarkably high. Most descents below 200 to 300 m lasted for less than 30 min, and this may be relevant to avoiding anoxia. But a substantial number of descents lasted for many hours (Fig. 12) , during which time rhythmic diving occurred that appeared to be as robust as that observed at well oxygenated, shallower depths (Fig. 11B,C) .
Long-distance migratory behavior displayed by a squid tagged in 2005 (Fig. 6C ) also points to a high level of activity under hypoxic conditions. This squid spent only ~10% of its time at depths shallower than Physiological and biochemical adaptations that allow Dosidicus gigas to remain active under hypoxic conditions are unknown, but it is clear that a strong association between this species and the OML exists. Such an association is reflected in the geographical distribution of the species which is similar to that of the OML (Deuser 1975) and to the phosphorus isopleth of 0.8 mg m -3 at 0 to 100 m depth (Nigmatullin et al. 2001) . Both of these oceanographic features correlate with high surface productivity. The ability to forage in the rich near-surface waters that ultimately cause the OML, as well as within the OML itself, would be highly advantageous to a fast-growing predator like D. gigas. Additional benefits would include reduced competition with, and protection from, pelagic fish predators that cannot tolerate such hypoxic conditions. Predator avoidance would undoubtedly be particularly important for juveniles and smaller D. gigas individuals if they also utilize the OML as the adults do.
An association between a 'giant' form of Sthenoteuthis oualaniensis (a species closely related to Dosidicus gigas; our unpubl. genetic analysis) and the OML in the Arabian Sea has also been noted (Nesis 1993) . Physiological mechanisms underlying this ability may thus allow both D. gigas and S. oualaniensis (Shulman et al. 2002) to thrive in an environment that is generally not favored by most large pelagic fishes or even other large cephalopods.
